INTRODUCTION
============

Glioblastoma, the most common and lethal primary malignant brain tumor that is characterized by high neovascularization and severe peritumoral brain edema (PTBE) in adults, has a poor prognosis with a median overall survival (OS) of 1--2 years and ＜3% 5-year survival rate using current standard of care.^[@R1],[@R2]^ PTBE is a frequently encountered phenomenon in patients with glioblastoma, and may be fatal because of its strong contribution to neurological signs and symptoms. Noteworthily, PTBE has been proven as an independent prognostic factor in glioblastoma.^[@R3]^ However, the exact mechanisms responsible for PTBE in glioblastoma are not fully elucidated and are likely to be multifactorial.^[@R4],[@R5]^

Tumor angiogenesis is a prerequisite for tumor growth to provide adequate acquisition of blood supply and is implicated in the development of perilesional edema by increased levels of angiogenic factors and tumor vessels with high permeability,^[@R4],[@R6],[@R7]^ one signaling pathway contributing to this process is Notch pathway.^[@R7]^ Delta-like ligand 4 (DLL4) is 1 of the 5 known transmembranous Notch ligands and is expressed at the site of vascular development and angiogenesis.^[@R8],[@R9]^ Physiologically, upregulated DLL4 activation by vascular endothelial growth factor (VEGF) and hypoxia triggers a negative feedback that inhibits the superfluous VEGF effect of vascular sprouting.^[@R10]--[@R12]^ But in tumor angiogenesis, DLL4 induces larger tumor vessel to enhance the vascular structure and function.^[@R13],[@R14]^ Noticeably, DLL4 expression has been proven to be correlated with poor prognosis in breast cancer, nasopharyngeal carcinoma, and colon cancer.^[@R15]--[@R17]^ However, whether DLL4 expression can serve as a prognosis predictor in glioblastoma still remains unclear. In addition, based on the correlation of DLL4 with tumor angiogenesis and the critical role of tumor angiogenesis in the progress of PTBE, we speculate that DLL4 is linked to PTBE with possibility. In this study, we have investigated the expression of DLL4 protein, and carried out an initial evaluation for the effect of DLL4 on prognosis and PTBE in patients with primary glioblastoma.

METHODS AND MATERIALS
=====================

Patients and Tumor Tissues
--------------------------

The retrospective study cohort consisted of 69 patients with primary glioblastoma, who underwent surgical resection at the First Affiliated Hospital, Fujian Medical University, Fujian, China, between 2006 and 2012. Informed consent was obtained from each patient according to the research proposals approved by the local ethics committee of the Fujian Medical University. Eligibility criteria included written informed consent and availability of tumor tissue, preoperative magnetic resonance imaging (MRI), and follow-up data. All specimens were obtained from surgical resection and classified according to the World Health Organization classification of brain tumors.^[@R18]^ Clinical information was obtained by reviewing the medical records on radiographic images, by telephone or written correspondence, and by reviewing the death certificate. Patient characteristics are shown in Table [1](#T1){ref-type="table"}. Follow-up information was updated every 2 months by telephone interview or questionnaire letters and was last done in March 2014.
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Clinical Characteristics of All 69 Glioblastoma Patients
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Treatment and Clinical Outcome Assessment
-----------------------------------------

Surgical resection was done at diagnosis and adjuvant therapy (radiotherapy and chemotherapy) was administered in every patient enrolled. Before the initial diagnosis of edema, patients did not receive treatment with steroids. For the extent of surgical resection, 31 out of 69 patients received subtotal resection, and other 38 patients received total resection. Postoperatively, all patients received radiotherapy to limited fields (2 Gy per fraction, once a day, 5 days a week, 60 Gy total dose) and adjuvant temozolomide (TMZ) (at 150--200 mg/m^2^ of body surface area on days 1--5) given at 4-week intervals. In each patient, TMZ was administered for ≥4 cycles in the absence of death or irreversible blood toxicity. No patient received any experimental antitumor vaccination. All patients in this study were followed up in accordance with a strict protocol. After the date of resection, patients were observed at 3-month intervals during the first year and at 6-month intervals thereafter. Tumor progression was determined by the method of Wen et al,^[@R19]^ and "pseudo-progressive" lesions were not included in the analysis.^[@R20]^ The time to progression (TTP) was measured from the date of surgery until the date of tumor progression. The endpoint of the study was OS, which was measured from the day of surgery (equivalent to the day of diagnosis) until death of the patient. For patients who had not experienced tumor progression or death at the time of last follow-up, TTP and OS were censored at the date of last follow-up.

Immunohistochemistry
--------------------

Tumor specimens were fixed in 10% of formaldehyde and embedded in paraffin for histological sections. Paraffin-embedded sections were deparaffinized in xylene, dehydrated in graded alcohol. Immunohistochemistry for DLL4 protein was performed using a rabbit monoclonal antibody (Abcam, ab7280, Cambridge, UK). Antigen retrieval was performed in citrate buffer pH 6.0, then the sections were incubated overnight at 4°C with the primary antibody at 1:200. Next, they were rinsed with phosphate buffer solution (PBS) and incubated with the horseradish peroxidase-conjugated secondary antibody, followed by a rinse in PBS, incubation with diaminobenzidine staining, and counterstaining with hematoxylin blue. The negative control sections were incubated with PBS in equal concentrations to the primary antibody, and known positive human kidney tissue was performed as positive control.

Evaluation of DLL4 Immunohistochemical Staining
-----------------------------------------------

Two pathologists, who were blinded to the pathological diagnosis and clinical data, observed the immunohistochemical staining results. The number of positive endothelial or tumor cells was counted using a light microscope at a magnification of ×200. In each tumor specimen, 5 fields were examined. The expression was classified as low, if \<10% of the cells were positive staining, and high, otherwise.^[@R21]^ The positive index (PI) was defined as the percentage of immunopositive cells (ratio of positively stained cells to the total number of cells per slide, multiplied by 100). The total concordance of scoring between the 2 observers was 92.8% (64/69) (Cohen's kappa coefficient of 0.901, *P* \< 0.001), indicating substantial agreement.

Measurement of Preoperative PTBE on MRI and Evaluation of the Postoperative KPS
-------------------------------------------------------------------------------

All preoperative MRI at initial diagnosis were performed at the First Affiliated Hospital, Fujian Medical University (1.5 T scanner, slice thickness 5 mm). Spin echo sequences of MRI scans included axial and sagittal T1WI (with and without contrast enhancement) and axial T2WI. Peritumoral edema was defined as a region of increased T2 signal intensity on the tumor margin. Accordingly, the preoperative PTBE in glioblastoma was measured on first diagnostic MRI with an easy applicable and simple technique, edema extending \<1 cm from the tumor margin was defined as minor and edema extending more than 1 cm from the tumor margin was defined as major.^[@R3]^

The Karnofsky performance scale (KPS) has been established as one of the major prognostic indicators for glioblastoma survival. A KPS, 70 has been shown to be significantly associated with a poor survival rate. All patients enrolled in the present study were evaluated with respect to a postoperative KPS above or below 70 who were assessed 10--14 days after surgery according to the protocol described previously.^[@R22]^

Statistical Analysis
--------------------

All data were analyzed using SPSS 19.0 software. Associations between DLL4 expression and categorical variables were analyzed by Chi-square test or Spearman's rank correlation (*r*) analysis, as appropriate. The correlation of PTBE with DLL4 and other potential clinical variables (age, KPS, symptom duration) were assessed using multiple linear regression model. Survival curves were constructed using the Kaplan--Meier method, and survival differences were evaluated by the log-rank test. A multivariate analysis was done by using Cox proportional hazards model to determine the prognostic effect of DLL4 expression, PTBE degree, and potential clinical variables (age, gender, KPS, symptom duration, and extent of resection) on TTP and OS. Backward selection applying a stopping rule based on the Akaike information criterion was used to exclude redundant or unnecessary variables. The proportional hazards assumptions were confirmed graphically. Hazard ratios and their corresponding 95% confidence intervals were computed to provide quantitative information about the relevance of results of the statistical analysis. Differences with a *P* value of 0.05 or less were considered to be statistically significant.

RESULTS
=======

DLL4 Expression Levels and Patterns in Glioblastoma Tissues
-----------------------------------------------------------

Immunohistochemical staining showed that in primary glioblastoma, 46 out of 69 cases (66.7%) exhibited high-level expression of DLL4 compared with adjacent nonneoplastic brain tissues with rare positive immunoreactivity, the median PI of DLL4 expression was 18.3 (range 3.1--43.9). DLL4 expression was primarily observed in the cytoplasm of endothelial cells of glomeruloid and nonglomeruloid blood cells within glioblastoma (Figure [1](#F1){ref-type="fig"}A--C). In all endothelial subpopulations, DLL4 expression was distributed similarly in glomeruloid vascular proliferation (seen in N = 51 cases), and nonglomeruloid endothelium both with single-distributed (seen in N = 46 cases) and in cluster (seen in N = 47 cases). Of interest, positive cytoplasmic staining of DLL4 was rarely detected in tumor cells (seen in N = 6 cases) (Figure [1](#F1){ref-type="fig"}D--F). Several patterns of DLL4 expression by tumor cells were seen, including perivascular (N = 6 cases), adjacent necrosis (N = 4 cases), and occasion diffused (N = 6 cases).

![Cellular expression of DLL4 protein in glioblastoma specimens (immunohistochemistry). (A--C) Positive staining of DLL4 is primarily distributed in the cytoplasm of tumor endothelial cells: A, single nonglomeruloid vessel (white arrow); B, nonglomeruloid vessel in cluster (red arrow); C, glomeruloid vessel (yellow arrow). (D--F) Positive cytoplasmic staining of DLL4 is seldom detected in some tumor cells: D, adjacent necrosis (black arrow); E: perivascular (orange arrow); F: occasion-diffused (green arrow).](medi-93-e57-g002){#F1}

Relationship Between DLL4 Expression and Clinical Features
----------------------------------------------------------

The relationships between DLL4 expression and clinical features in glioblastoma are listed in Table [2](#T2){ref-type="table"}. The level of DLL4 expression was statistically associated with KPS, DLL4 expression was higher in patients with KPS \<70 than those with KPS ≥70 (*P* \< 0.001). In addition, a relationship between DLL4 expression and symptom duration was detected; for patients with DLL4-high expression, tumor-related symptom seemed to process more rapidly (*P* \< 0.001). However, we failed to detect relationships between DLL4 and other patient characteristics, including age, gender, and resection degree.

###### 

Correlations of DLL4 and Clinical Characteristics
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Correlation of DLL4 Expression With PTBE
----------------------------------------

PTBE has been proven as an independent prognosis factor in glioblastoma for its strong contribution to neurological signs and symptoms.^[@R3]^ Then based on the evidence of DLL4 expression related to symptom duration and performance status as indicated above and the important role of DLL4 in tumor angiogenesis, we further evaluated the relationship between DLL4 expression and PTBE in glioblastoma. According to the standard of Schoenegger et al,^[@R3]^ the degree and maximum extent of PTBE were assessed in all 69 patients' preoperative MRIs. The degree of PTBE was positively associated with the expression of DLL4 (*r* = 0.845, *P* \< 0.001), maximum extent of PTBE increased with elevated DLL4 expression, the PI of DLL4 expression in minor PTBE was lower than that in major PTBE (Figure [2](#F2){ref-type="fig"}).

![Correlation of DLL4 with PTBE in all 69 glioblastomas. (A,B) T2-weighted images showing peritumoral edema extending \<1 cm from the tumor margin, defined as (A) minor edema and extending \>1 cm from the tumor margin, defined as (B) major edema. (C) PI of DLL4 expression in minor PTBE is lower than that in major PTBE. (D,E) maximum extent of PTBE increases with elevated DLL4 expression (*r* = 0.845, *P *\< 0.001).](medi-93-e57-g004){#F2}

Furthermore, a multivariable assessment of the association between DLL4 expression and PTBE that took into account other potential factors (age, KPS, symptom duration) influencing this relationship was performed by building a multiple linear regression model, which was evaluated using a stepwise variable selection method. The results showed that the coefficient of determination (*R*^2^) was 0.712, only the PI of DLL4 expression was associated with an increase in maximum extent of PTBE (*P* \< 0.001).

Effect of DLL4 and PTBE on Patient Prognosis
--------------------------------------------

Follow-up was available for all patients and the median follow-up period was 53.2 weeks (range: 20--124); during the follow-up period, 61 patients (88.4%) had died with glioblastoma. Kaplan--Meier curves were used to show that high DLL4 expression was statistically associated with both reduced TTP (*P* \< 0.001) and OS (*P* \< 0.001) in glioblastoma (Figure [3](#F3){ref-type="fig"}A). Similar results were also observed between survival estimates of patients with minor PTBE and major PTBE (Figure [3](#F3){ref-type="fig"}B).

![Effect of DLL4 and PTBE on TTP and OS in glioblastoma. (A) High DLL4 expression and (B) major PTBE are associated with both reduced TTP and OS.](medi-93-e57-g005){#F3}

Next, a Cox multivariable proportional hazard model was constructed to examine independent prognostic significance of DLL4 expression with clinical characteristics including age, gender, resection degree, symptom duration, KPS, and PTBE. Considering a strong correlation between DLL4 expression and PTBE as indicated, we tested for multicollinearlity that included the above variables to eliminate the influence on proportional hazard analysis (TTP: maximum variance inflation factor \[VIF~max~\] = 2.382, minimum tolerance \[TOL~min~\] = 0.420; OS: VIF~max~ = 2.430, TOL~min~ = 0.411). Assumptions of proportional hazards were checked and found to be satisfactory with a log--log plot. Then the results of Cox multivariable proportional hazard model confirmed that DLL4-high expression was a significant predictor for shorter TTP and OS in glioblastoma, independent of age, gender, symptom duration, KPS, resection degree, and PTBE (Table [3](#T3){ref-type="table"}).
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Cox Proportional Hazards Regressions for TTP and OS in Glioblastoma
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DISCUSSIONS
===========

Glioblastoma, which is characterized by high neovascularization and severe PTBE, is the most common primary malignancy in the central nervous system. In glioblastoma, PTBE may cause severe neurological signs and symptoms, thereby seriously influencing survival. The exact mechanisms of PTBE are likely to be multifactorial. VEGF is a pivotal molecular mediator of PTBE in glioma,^[@R23],[@R24]^ and anti-angiogenic therapy targeted on VEGF pathway dramatically reduces PTBE.^[@R25]^ VEGF interacts with many pathways as a complex network to modulate angiogenesis and glioma-related edema, including Notch, hypoxia inducible factor, aquaporin-4.^[@R26]--[@R28]^ But to date, the most recently identified member of Notch ligand family DLL4 and VEGF are the only 2 genes involved in vascular defects.^[@R29]^ In addition, a positive relationship between DLL4 and VEGF has been observed in human glioma.^[@R21]^ Thus, a hypothesis has been given that glioblastoma may have DLL4-dependent pathway leading to PTBE.

In this study, we analyzed the correlation of DLL4 expression with peritumoral edema; the results indicated that edema degree was positively associated with the DLL4 expression, and the mean edema maximum extent in the DLL4-high group was significantly higher than those in the DLL4-low group. The association of enhanced degree of edema with higher rate of DLL4 positive expression may be attributable to the role of DLL4 in tumor angiogenesis.^[@R30]^ Tumor angiogenesis is a process of acquiring an adequate blood supply for tumor growth and progression, and has been implicated in the development of perilesional edema by increased levels of angiogenic factors and tumor vessels with high permeability. In tumor angiogenesis, upregulated DLL4 activation enhances the vasculature structure and function within a tumor. The vessels within tumor have an increased permeability associated with blood--brain barrier disruption, which results in vasogenic cerebral edema.^[@R31]^ This explanation is in line with anti-angiogenic therapy reducing peritumoral edema.^[@R25],[@R32]^

Furthermore, we evaluated the effect of DLL4 expression on patient outcome in glioblastoma. Noticeably, our study provided the direct evidence that high DLL4 expression was related with poor outcome in glioblastoma. First, by using immunohistochemical technique, we assessed the pattern and level of DLL4 protein expression in glioblastoma. Herein, we found that positive staining of DLL4 was primarily distributed in the cytoplasm of tumor vascular endothelial cells and rarely detected in some tumor cells of glioblastoma. Next, we observed close associations of DLL4 expression with KPS and symptom duration, 2 adverse factors influencing patient survival.^[@R22],[@R33]^ Then Kaplan--Meier curves were used to indicate that both the median TTP and OS in patients with DLL4-high expression were significantly shorter than those in patients with DLL-low expression. Moreover, a Cox multivariable proportional hazard model revealed that DLL4 was an independent unfavorable predictor of TTP and OS in glioblastoma. The mechanism for DLL4 affecting patient outcome may be multiple. Part of the deleterious effect of DLL4 on survival may be because of the correlation of DLL4 with edema and a portion of the effect; other properties of DLL4, the role in tumorigenesis, may also contribute to shortened survival. DLL4-Notch signaling plays a critical role in the maintenance of glioma stem cell (GSC); knockdown of DLL4 decreases GSC population in glioma neurosphere in vitro and inhibits co-cultured glioma neurosphere propagation in vivo.^[@R34]^ Moreover, Notch pathway also interacts with several signaling molecules and pathways, including p53, rat sarcoma protein, nuclear factor-κB, transforming growth factor-β, phosphatidyl inositol 3-kinase, and epidermal growth factor receptor (EGFR), all of which are important in tumor carcinogenesis, invasion, and metastasis.^[@R35],[@R36]^

In conclusion, our study indicated that DLL4 expression was positively correlated with peritumoral edema degree and was an independent predictor of patient prognosis in glioblastoma. However, our research refers to preliminary clinical observation and is limited by a number of factors. First and foremost, the findings is limited by relatively less generalizability because of few samples and the fact that this study was retrospective in nature and, therefore, not of the highest quality. Furthermore, the results of the association between DLL4 and PTBE does not mean that DLL4 is the cause of PTBE; indeed, whether abnormal DLL4 expression plays a role in the progression of PTBE or occurs in response to expression changes of other molecules that are related with PTBE is unclear. Thus, more molecular investigations into the interplay of DLL4 and other signaling events implicated in edema are needed to develop a potential strategy for controlling PTBE and improving patient outcome in glioblastoma.

Abbreviations: DAB = diaminobenzidine, DLL4 = delta-like ligand-4, GSC = glioma stem cell, KPS = Karnofsky performance scale, MRI = magnetic resonance imaging, OS = overall survival, PBS = phosphate buffer solution, PI = positive index, PTBE = peritumoral brain edema, TMZ = temozolomide, TOL = tolerance, TTP = time to progression, VEGF = vascular endothelial growth factor, VIF = variance inflation factor.
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